I. INTRODUCTION
Ni 50 Mn 25 Ga 25 exhibits a shape-memory effect upon the martensitic transformation and magnetic-filed-induced strains [1] [2] [3] [4] [5] at martensite state. It has been attracting strong interest for potential applications as magnetic-fieldcontrolled actuators. 6 This application requires the material having a martensitic transformation property and also being ferromagnetic. For this purpose, some candidate materials, such as Ni 2 MnAl, 7 Co 2 NiGa, 8 and NiCoAl, 9 have been developed recently. As a better candidate, the material should be with a higher T C than that of Ni 2 MnGa, a higher M s at working temperature, and a similar thermoelastic martensitic transformation property enabling the shape memory effect.
In this article, we report a pseudoquaternary Heusler alloy of NiMnFeGa. The material is also with cubic L2 1 structure and ferromagnetic, possessing a thermoelastic martensitic phase transition. We focused on the influences of the Fe content on the martensitic phase transformations and magnetic properties in two series samples of Ni 50. 5 Mn 25Ϫx Fe x Ga 24.5 and Ni 50. 4 Mn 28Ϫx Fe x Ga 21. 6 . It was found that, the existence of Fe in this intermetallic compound caused a stronger magnetic exchange interaction leading to higher Curie temperature. 3 Powder x-ray diffraction ͑XRD͒ was performed by Philip-Pert MPD diffractometer. The Curie temperature and martensitic transformation temperature were determined by an ac susceptibility measurement with an ac field of 796 A/m and a frequency of 77 Hz over a temperature range 77 -500 K. The magnetization at 4 K was measured by a superconducting quantum interference device ͑Quantum Design MPMS͒.
III. RESULTS AND DISCUSSIONS
A. Structure Figure 1 shows the XRD patterns for samples of Ni 50.5 Mn 25Ϫx Fe x Ga 24.5 with xϭ0, 15, 17 , and 19, respectively. When xϭ15 or less, the parent phase of the Fe doped samples has a pure cubic L2 1 structure ͓space group Fm3m as shown in Fig. 1͑b͔͒, showing 25 . When x is 17, some trace second phase can be observed from XRD patterns, which has been identified as the ␥ phase similar to that in NiFe alloys, as shown in Fig. 1͑c͒ . In the sample with xϭ19, the ␥ phase becomes more apparent and some characteristic peaks can be identified as shown in Fig. 1͑d͒ . Figure 2 shows the results from the metallographic observation in the present work. No second phase can be found in the sample with xϭ15. But in the sample with xϭ19, the ␥ phase is formed. The energy dispersion spectrum examination revealed that the composition of the ␥ phase is about Ni 49 Fe 32 Ga 19 and independent of the annealing temperature. Those examinations indicate that the maximum substitution of iron for manganese for keeping a pure L2 1 structure is about 70% in this pseudoquaternary intermetallic compound of NiMnFeGa. Figure 3 shows the ac susceptibility as a function of temperature measured from Ni 50.5 Mn 25Ϫx Fe x Ga 24.5 (x ϭ2,6,13,17) system. The martensitic transformation temperature and the Curie temperature of the samples have been precisely measured by this method. Clearly, the samples doped up to xϭ17 still exhibit a martensitic transformation similar to the undoped sample. Our low temperature XRD has confirmed that, during cooling, a structural transition from cubic to tetragonal occurred in this quaternary system, which is the same as the ternary alloy Ni 2 MnGa. However, the intermartensitic transformation that is usually observed in NiMnGa 11 could not be found in this NiMnFeGa alloy. Table I lists From Table I and Fig. 4 , one can find that the martensitic transformation temperature, T m , monotonously decreases with the increase of Fe content in the samples. It implies that the iron enhances the stability of the cubic parent phase, and 12 They found that the T m shows a proportional relation with e/a in the range of 7.3-7.5, but having a complex dependence in the range of e/a ϭ 7.5-7.7. The e/a values of Fe doped samples in this work are about 7.65-7.84, and crossing through these two ranges. Therefore, the dopant makes a different T m variation, monotonous decrease with the increase of e/a. Furthermore, the variation of e/a for both systems is almost the same with 7.68-7.84 for Ni 50.5 Mn 25Ϫx Fe x Ga 24.5 and 7.65-7.83 for Ni 50. 4 Mn 28Ϫx Fe x Ga 24. 6 . But the T m variations are very different from 143 to 233 K and from 197 to 355 K, respectively. It seems that the e/a dependence could not simply explain the T m variation in our doping system. The other factor for the stability of parent phase, such as magnetic contribution, should be considered. The data of thermal hysteresis, ␦T, shown in Table I and Fig. 4 exhibit the influence of the dopant of iron. The ␦T dramatically increases with the increase of the doped level in the system of Ni 50.5 Mn 25Ϫx Fe x Ga 24.5 . Our recent investigation has indicated that the thermal hysteresis in the NiMnGa system originates from the friction of phase boundary motion, and being only a small part of the latent heat of martensitic transformation. 13 Obviously, the existence of Fe atoms in the NiMnGa systems increases the energy consumed for phase boundary motion. It may result in a decrease of the thermal elasticity in martensitic transformation. Figure 6 shows the T C as a function of the doping level listed in Table I . T C increases with the increase of the content of Fe. In the Ni 50.5 Mn 25Ϫx Fe x Ga 24.5 system, the T C increases rather quickly at low doping level, and then becomes slow at high doping level. But in the Ni 50. 4 Mn 28Ϫx Fe x Ga 24.6 system, the variation of T C shows a near linear increase. These results clearly indicate that the exchange interaction of the systems is enhanced by doping iron. Enhanced exchange interaction results in an improvement of the magnetization at 300 K, as shown in Table I . One can see that, in two systems of Ni 50.5 Mn 25Ϫx Fe x Ga 24.5 and Ni 50. 4 Mn 28Ϫx Fe x Ga 21.6 , the involvement of iron increases the magnetization in the almost all single phase ranges, and showing peak values at xϭ8 and xϭ10, respectively. The existence of the peak values indicates a competition between the increasing T C and the decreasing content of Mn that has a larger moment than that of Fe. The magnetization measurement also indicates that the technical saturation is independent to the content of Fe, and showing the same achievement of about 2 kOe at 300 K. Figure 7 shows the magnetic moment as a function of the doping composition in the Ni 50.5 Mn 25Ϫx Fe x Ga 24.5 system. The moments for formula unit are calculated from the M-H curves measured at 4 K in the field up to 5 T, then extrapolating to 0 K. The result shows that the moments of B / f .u. decreases monotonously with the increases of the content of iron. The kink of the curve reveals that the second phase appeared in samples as the content of iron being larger than xϭ17.
B. Martensitic transformation

C. Magnetic properties
In ternary alloy Ni 2 MnGa, it has been confirmed by neutron scattering that the ferromagnetism mainly originates from the localized moment of Mn atoms, M Mn , about 4.0 B per Mn ion and the moment of Ni, M Ni , is neglectable. 14 Recently, Brown et al. ' s study shows that the magnetization of Ni and Mn will be redistributed with the variation of temperature. At martensite state, the Ni moment is 0.22 B . 15 Buschow reported an lower value of M Ni ϭ0.065 B in the Heusler alloy of Ni 2 CrAl. 16 The linear part of the moment curve in the range of xϭ0 -15, as shown in Fig. 7 , clearly indicates a substitution relation for Fe gradually replacing Mn in the compound. Fitting the experimental data linearly, the dot line A in Fig. 7 stands the substituting effect based on a fixed M Mn ϭ4.13 B ͑the value in Ni 2 MnGa) and a zero M Ni ͑based on the results from Ref.
15͒. Analyzing the slope of line A in Fig. 7 , one can confirm that: ͑1͒ the iron atoms contribute a ferromagnetism to the material, but ͑2͒ the moment of Fe is less than that of Mn. Extrapolating the linear part of the measured data to x ϭ25, however, the obtained Fe moment, M Fe ϭ3.55 B seems to be too big to be comparable to the value measured in other Heusler alloys with iron. Usually, iron has a quite consistent value about M Fe ϭ2.5 B in Co 2 FeAl and Fe 2 CoAl. 15 Although a clear magnetic structure cannot be completed confirmed only based on the experimental results at present time, earlier analysis indicates an interesting point: how to magnetically couple each other for three kinds of ferromagnetic atoms in this quaternary alloy. It has never been investigated in detail for ternary Heusler alloys. Further work will focus on the specific ferromagnetic structure related to three magnetic atoms including their atomic sites by means of neutron scattering and/or Mossbauer spectrum examinations. Figure 8 shows the MFIS in ͓001͔ direction of single crystal Ni 52 Mn 16 Fe 8 Ga 24 and Ni 52 Mn 24 Ga 24 as a function of temperature. The MFIS was detected by applying a magnetic field of up to 1.5 T along the ͓001͔ direction then back to zero and the value was measured at a temperature interval of 10 K after the sample was cooled down to the martensite For all samples at all temperatures, however, the saturated magnetic fields for MFIS are the same at about 0.8 T. These results reveal that Fe substitution for Mn improves the temperature dependence of MFIS.
D. Temperature dependence of MFIS
From Table I , one can see that the existence of Fe enhances the exchange interaction in this quaternary material. This results in an increase of the Curie temperature from 350 K for the undoped sample to 420 K for the doped sample. The improvement of magnetic property enables the actuator to work at a higher temperature.
IV. SUMMARY
We have found the quaternary alloys of Ni 2 (Mn, Fe)Ga are a pure Heusler alloy phase and also possess thermoelastic martensitic transformation effect. The higher Curie temperature and magnetization can be attributed to an enhanced magnetic coupling due to the involvement of Fe. The discussion about the magnetic structure in this quaternary Heusler alloys confirmed that: ͑1͒ iron atoms contributed the ferromagnetism to the material and ͑2͒ Fe shows a lesser moment than that of Mn. A better temperature dependence of MFIS has been found in the doped Ni 52 Mn 16 Fe 8 Ga 24 samples. These results imply that the quaternary alloys are candidate materials for actuators.
